From both a fundamental and a clinical point of view, it is necessary to know the distribution of the eye's aberrations in the normal population and to be able to describe them as efficiently as possible. We used a modified Hartmann-Shack wave-front sensor to measure the monochromatic wave aberration of both eyes for 109 normal human subjects across a 5.7-mm pupil. We analyzed the distribution of the eye's aberrations in the population and found that most Zernike modes are relatively uncorrelated with each other across the population. A principal components analysis was applied to our wave-aberration measurements with the resulting principal components providing only a slightly more compact description of the population data than Zernike modes. This indicates that Zernike modes are efficient basis functions for describing the eye's wave aberration. Even though there appears to be a random variation in the eye's aberrations from subject to subject, many aberrations in the left eye were found to be significantly correlated with their counterparts in the right eye.
INTRODUCTION
Aberrations of the human eye play a major role in degrading retinal image quality. 1 From a fundamental point of view, it is necessary to have an adequate representation of the aberrations in the population to understand the nature of each particular aberration and to seek anatomical causes for individual variations. While conventional contact lenses or spectacles correct the eye's second-order aberrations (sphere and cylinder), it has been shown that higher-order aberrations have a significant impact at larger pupil diameters, further degrading the retinal image. Developing a firm understanding and compact description of the aberrations beyond defocus and astigmatism is crucial for simplifying their correction by means of customized contact lenses or laser refractive surgery. 2, 3 The most familiar approach used to quantify optical aberrations is the Seidel representation, defined for rotationally symmetric systems. [4] [5] [6] Unfortunately, the Seidel expansion is infrequently used when describing ocular aberrations, since the eye's optics are not rotationally symmetric. Taylor polynomials have also been used to describe the eye's aberrations. 7 More recently, Zernike polynomials 8 have been used to represent ocular aberrations due to their desirable mathematical properties for circular pupils. 1, [9] [10] [11] [12] They consist of an orthogonal set of polynomials that represent balanced aberrations. In addition, they are also related to the classical Seidel aberrations. 13 However, we wished to further investigate the possible existence of a more compact description of the eye's wave aberration. Such a description would exist if there were correlations between Zernike modes in the population.
Howland and Howland studied the monochromatic aberrations of 33 subjects by using the aberroscopic technique and found that the wave aberration differs greatly from subject to subject. 7 Even though Howland and Howland later improved their technique with Walsh and Charman, 14 the initial large-scale measurements were done subjectively, and their new objective measurements were made on only 11 subjects. Smirnov was one of the first investigators to begin looking at intersubject variability in the eye's wave aberration for a population of ten subjects. 15 Guirao et al. also documented the variability of the eye's aberrations between subjects using doublepass retinal images recorded at different pupil diameters for paralyzed accommodation. 16 From all of these previous studies, it is apparent that there is a large variation in the eye's optical quality between subjects. Applying a statistical analysis, such as principal-components analysis, to wave-aberration data measured in a large popula-tion would determine if the intersubject variations in aberration structure were purely random.
We used a Hartmann-Shack wave-front sensor that was based on the technique devised by Liang et al. 9 to measure the monochromatic wave aberrations of both left and right eyes in a large population of 109 normal subjects. These wave aberrations serve as a reference for the type of aberrations that are characteristic of a normal population. We also sought to determine the magnitude and variability of all aberrations in the population. This investigation could provide valuable insight on the visual benefit that could be theoretically obtained from a customized correction of the eye's monochromatic aberrations from person to person.
Finally, we investigated the differences and similarities in the pattern of the monochromatic aberrations in the human population. A principal components analysis 17 was performed on wave-aberration data to search for a more compact and efficient description of the eye's aberrations in the population. This analysis could offer a possible approach to simplifying the prescription for correcting higher-order aberrations with customized lenses or laser surgery and could also provide insight into the anatomical causes for individual wave aberrations.
METHODS

A. Experimental Design
Two modified Hartmann-Shack wave-front sensors were used to measure the wave aberration, one at the University of Rochester and the other at Bausch & Lomb. Figure 1 shows the two experimental systems, in which planes conjugate with the eye's pupil are labeled p and planes conjugate with the retina are labeled r. Both systems incorporated a pupil camera having an optical axis coincident with that of the wavefront sensor, which was used to center each subject's pupil while the subject looked at the center of the fixation target. An infrared superluminescent diode (SLD) emitted collimated linearly polarized light at 780 nm and had a short coherence length of approximately 30 m. This light source reduced speckle in the Hartmann-Shack images and served as a comfortable viewing source for the subject. The total irradiance on the cornea was 6 W, which is approximately 30 times below the American National Standards Institute maximum permissible exposure for continuous viewing at this wavelength. 18 In one system, a scanning mirror was also inserted in a plane conjugate with the pupil to further reduce speckle by averaging the noise in our images. As described and illustrated by Hofer et al., 19 this mirror scanned the beam across a very small portion of the retina at a rate of 600 Hz while descanning the reflected beam on the return path through the eye's pupil. Therefore the entering beam and the reflected wave front did not move in the pupil plane of the eye.
The beam from the SLD that was focused on the retina acted as a point source, and the light emerging from the pupil formed the aberrated wave front. A focus corrector was used to reduce the defocus present in the HartmannShack images by placing the retina conjugate with the SLD and the CCD camera. The aberrated wave front propagated back through the system and was reflected by the polarizing beamsplitter toward the lenslet array. The polarizing beamsplitter rejected the polarized light reflected from the cornea and reflected the depolarized component from the retina. The lenslet array was placed in a plane conjugate with the eye's pupil and had an interlenslet spacing of 0.6 mm and a focal length of 40 mm. Light from each lenslet was then focused to a spot on the CCD camera placed in the back focal plane of the lenslet array. A total of 57 lenslets were used to sample a 5.7-mm pupil. The CCD camera then recorded the spot array pattern and sent the image to a PC to determine the wave aberration. Due to the eye's aberrations, each spot tended to shift from its normal diffraction-limited onaxis location on the CCD camera. On the basis of these relative spot displacements, we determined the local slope of the wave front at each lenslet. We then reconstructed the eye's wave aberration using a least-squares technique.
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B. Subjects
Our population consisted of 109 normal subjects, each having a spherical refraction between ϩ6.00 D and Ϫ12.00 D and a refractive astigmatism of less than Ϫ3.00 D. No restrictions were placed on corneal curvature re- quirements. The subjects ranged in age between 21 and 65 years and had a mean age of 41 years. The number of subjects measured in each age group is shown in Fig. 2 . Subjects having any type of pathology (i.e., cataracts, keratoconus, etc.) or surgery, including laser refractive surgery, were not included in this study. Most subjects had a pupil diameter larger than 5.7 mm. For these subjects, the wave aberration over the central 5.7 mm of the pupil was used in the study. The few subjects having a natural pupil smaller than 5.7 mm were not included in our population of 109 normal subjects, since their wave aberration could not be determined for the 5.7-mm pupil size.
C. Experimental Procedure
We measured the wave aberration of left and right eyes of the 109 subjects under natural (or unparalyzed) accommodation for a 5.7-mm pupil. The subject's pupil was aligned with use of the pupil camera while the head was fixed in space with a bite-bar mount or a head-and-chin rest assembly. The subject could manually control the focus corrector and crudely adjust its position until the SLD was roughly in focus on the retina. We then fine tuned the focus corrector until the subject's sphere, as determined by the wave-front sensor, was removed. This procedure produced high-quality spots, the centroids of which were easy to compute. At least three HartmannShack images, each with an exposure time of 500 ms, were collected in both eyes. Subjects maintained their fixation on the target that was placed at infinity. The wave aberration was calculated up to and including fifth order by using 18 Zernike terms (modes 4 through 21) over a 5.7-mm pupil. From these measurements, we obtained an average wave aberration for each eye.
Natural accommodation did not play a significant role in altering our measurements, since all subjects fixated on a target placed at infinity and their mean wave aberration was determined by averaging the reconstructed wave front obtained from several Hartmann-Shack images. The average of all the standard deviations for each subject over a 5.7-mm pupil was 0.11 m (0.10 D) for defocus, indicating a stable accommodative state. We also verified that there were no systematic variations between the measurements obtained from Bausch & Lomb's wavefront sensor and those obtained by the University of Rochester wave-front sensor. The correlation coefficient of the equivalent sphere (sphere minus half of the cylinder, in diopters) measured at the two separate locations for 11 subjects across a 5.7-mm pupil was 0.98 (p Ͻ 0.0001), and the slope of the best fit line was 1.009. In addition to examining the degree of correlation between equivalent sphere measurements obtained from the two systems, we separately correlated the second-, third-, fourth-, and fifth-order Zernike coefficients from the average wave aberrations of both right and left eyes of the same 11 observers. The Zernike coefficients for each order were also significantly correlated (p Ͻ 0.0001) with high correlation coefficients. These results indicate an excellent correlation between measurements obtained on both systems for the same individuals.
D. Theory of Principal Components Analysis
The purpose of performing a principal components analysis on wave aberrations is to investigate the possible existence of a more efficient set of basis functions that capture nearly all of the aberration structure in our population that is present in a conventional Zernike description. Using principal components analysis, we constructed a new set of basis functions that account for as much of the variance (i.e., dispersion) of the original data as possible with the minimum number of basis functions. 17 These new functions, or principal components, are uncorrelated across the population and are linear combinations of Zernike modes. The first principal components may be selected to retain as much of the variance of the original data as possible, providing a compact and more efficient description of the wave aberration in the population that incorporates some of the effects of higher-order aberrations. As a simple example, a principal components analysis performed on wave-aberration data containing two Zernike modes that are highly correlated with each other would express these modes more efficiently when using one principal component that is a weighted sum of the two Zernike modes.
We applied a principal-components analysis separately to the wave-aberration data of the left and right eyes of the 109 normal subjects, transforming the variables describing the wave aberration (18 Zernike coefficients) into new uncorrelated variables that are combinations of the initial variables. The wave aberration for both eyes of each subject, WA j , was first measured and represented using a combination of 18 Zernike modes:
where A ij are the Zernike coefficients corresponding to their particular Zernike mode, Z i , for subject j. The variance for each Zernike coefficient across the population was then calculated, and the wave aberration was rearranged for all subjects so that the Zernike modes were ordered from the Zernike coefficient with the highest variance to that with the lowest. This technique allows the Zernike representation to become as efficient as possible. We then constructed two 109 ϫ 18 matrices, one for each eye, with the Zernike coefficients as the variables in columns and each subject's average wave aberration in rows. An example of one of these matrices, X, is shown in Eq. (2): . (2) From the matrix X we calculated the covariance matrix C C ϭ Cov͑A ij ͒.
In this covariance matrix, the off-diagonal elements indicate the degree of correlation between two particular Zernike coefficients. This correlation increases as the element's value increases, with zero values indicating no correlation between a pair of Zernike modes. We then calculated the eigenstructure of matrix C to find the new, uncorrelated variables. Diagonalizing matrix C by means of
where I is the identity matrix, we obtained the eigenvalues () and eigenvectors (v ᠬ ). We can combine each eigenvector into a single matrix V having the eigenvectors (v ᠬ ) in columns. V then transforms the original Zernike base into the new basis functions, or principal components, or
The wave aberration may now be expressed as a new expansion by using the new principal components as
and A ij Ј are the coefficients of the new principal components, PC i .
RESULTS
A. Distribution of the Eye's Aberrations
The average absolute rms wave-front error of each Zernike mode and their relative contributions to the entire wave aberration are shown in Fig. 3 (a) from both eyes of our population. The double-indexing scheme used to label the Zernike coefficients corresponds with the standard labeling notation established by the Vision Science and Its Applications Standards Taskforce team. 21 As seen in the figure, Zernike defocus (Z 2 0 ) accounts for 80% of the total variance of the wave aberration and has the largest magnitude of any mode (mean absolute rms of 3.39 m or 2.89 D). The magnitude of this defocus coefficient is larger than that for a purely randomly selected, normal population due to the fact that most of our population consisted of patients from a clinic at Bausch & Lomb who tended to be myopic. According to the most recent large-scale measurements of the refractive errors performed on randomly sampled patients in the United States, approximately 25% of the population between the ages of 12 and 54 years are myopic. 22 Our study contained more than twice the percentage of myopic subjects when compared with the population-based data, as nearly 60% of our subjects were myopic.
The next largest contributors to the wave aberration in the population are the astigmatic modes, Z 2 2 and Z 2 Ϫ2 , with the first three modes accounting for over 92% of the total variance of the wave aberration. Figure 3(b) shows the dispersion of each Zernike mode in the population. The means of almost all Zernike modes, except for spherical aberration, are approximately zero and have a large intersubject variability. Spherical aberration has a mean value (Ϯ one standard deviation) of ϩ0.138 Ϯ 0.103 m and is the only mode to have a mean that is significantly different from zero. The magnitudes of the higher-order aberrations generally decline with order, except for spherical aberration, which is larger in mean absolute rms than any third-order mode. 1 This mirror symmetry between left and right eyes can be seen in Fig. 4(a) , which shows the wave aberrations of both eyes for four subjects across a 5.7-mm pupil. Even though several subjects have similar aberrations between left and right eyes, some subjects have only a moderate amount of symmetry in their eye's wave aberrations [as in Fig. 4(b) ], while a few show almost no symmetry [as in Fig. 4(c) ]. To address the prevalence of mirror symmetry in our population, for each subject we plotted the coefficients of individual Zernike modes (excluding defocus and astigmatism) in the right eye against their corresponding value in the left eye and determined their associated correlation coefficient. The signs of all appropriate Zernike coefficients that exhibited odd symmetry about the y axis were flipped in one eye and not the other. The mean correlation coefficient (Ϯ one standard deviation) for all 109 individuals was 0.5717 Ϯ 0.2497, indicating that most subjects had a fair amount of mirror symmetry in the wave aberration between both eyes.
B. Correlations between Left and Right Eyes
Evidence of mirror symmetry between left and right eyes is also illustrated in Table 1 , which shows correlation coefficients with both positive and negative values. A positive correlation coefficient indicates that Zernike coefficients in one eye of the population are increasing in the same direction as their counterparts in the other eye. A negative correlation coefficient implies that the Zernike values in one eye are increasing as their counterparts in the other eye are decreasing in value. To have perfect mirror symmetry between right and left eyes, radially symmetric Zernike modes and those dependent on an odd power of y need to be positively correlated in both eyes, while polynomials that are dependent on an odd power of x should be negatively correlated in both eyes. For example, a Zernike mode dependent on an odd power of x would possess mirror symmetry if it increased in value (more positive) for the left eye while simultaneously de- creasing in value (more negative) for the right eye. Table 1 , we see that all eight of these modes are negatively correlated in left and right eyes, except for Z 5 1 and Z 5 5 . However, these two modes have very small correlation coefficients and are not significantly correlated in both eyes even when we reduce the confidence level to p Ͻ 0.05. All of the remaining ten modes that are either radially symmetric or depend on an odd power of y have positive correlation coefficients (as expected for mirror symmetry).
C. Principal Components Analysis
The first six principal components obtained from the wave-aberration measurements of the left eye are shown in Fig. 5 . The Zernike mode that is most highly correlated with each principal component is illustrated next to all of the principal components. We obtained similar results for the right eye. The first four principal components nicely map onto the first four Zernike modes. Principal component 1 is strongly correlated with defocus (Z 2 0 ), while principal component 2 is most highly correlated with astigmatism (Z 2 2 ). The effects of higherorder aberrations captured by the first few principal components begin to become visible in the third principal component, most highly correlated with diagonal astigmatism (Z 2 Ϫ2 ). Principal component 4 is significantly correlated with vertical coma (Z 3 Ϫ1 ) and vertical triangular astigmatism (Z 3 Ϫ3 ). Principal components 5 and 6 are both significantly correlated with horizontal coma (Z 3 1 ), spherical aberration (Z 4 0 ), and Z 4 4 . However, principal component 5 also consists of a significant amount of horizontal triangular astigmatism (Z 3 3 ), while principal component 6 is highly correlated, instead, with secondary astigmatism (Z 4 2 ) and Z 5 5 . As shown in the following figures, a principal components representation of the wave aberration in the population provided a modest improvement over a conventional Zernike description, with both eyes producing nearly the same results. The percentage that each mode contributes to the cumulative variance (i.e., dispersion) for the left eyes of the population is shown in Fig. 6(a) . In addition, the average rms of the residual wave aberration in our population as more modes are corrected over a 5.7-mm pupil is shown in Fig. 6(b) . Defocus alone accounts for over 90% of the cumulative variance in the population and, on average, increases the mean rms of the residual wave aberration by over 2 m. The subject selection criteria, which allowed our population to have a broad range of spherical refractive powers, explains the overwhelming contribution of the defocus term when compared with the other aberrations.
With the exception of some slight deviations between the two curves, Fig. 6 appears to indicate that a Zernike description of the wave aberration in the population is nearly as efficient as a principal components description. Even when we remove the contributions from the first three Zernike modes and principal components, the inset in Fig. 6(a) shows only a small difference in the contribution of higher-order modes to the residual variance between a principal components and Zernike description of the wave aberration. To investigate whether these slight deviations were important for retinal image quality, we evaluated each subject's Strehl ratio after correcting a particular number of Zernike modes or principal components. The average results from the analyses on both eyes for each subject with use of both descriptions are shown in Fig. 7 . The subjects lying within the ellipse in Fig. 7(b) are outliers in the population who have larger amounts of higher-order aberrations (i.e., lower residual Strehl ratios) compared with most subjects when using a Zernike description of the wave aberration. However, when these same subjects have their wave aberration expressed with principal components, they now obtain residual Strehl ratios that are similar to the rest of the population. Figure 7 illustrates the concept that principal components more effectively describe the wave aber- ration of subjects in the population who have large amounts of higher-order aberrations.
By averaging each subject's residual Strehl ratio when correcting a given number of modes, we were able to obtain two curves showing the mean Strehl ratio for both a Zernike and principal component description of the wave aberration. Figure 8 shows the mean residual Strehl ratios for our population based on the results shown in Fig.  7 . If a fixed number of modes were corrected in the eye, the average image quality would be slightly higher with principal components than with Zernike modes. In addition, depending on the number of modes corrected, one can obtain the same average image quality in the eye by using one less principal component than Zernike mode or nearly the same number of principal components and Zernike modes. For example, a conventional correction of the first three Zernike modes (defocus and two astigmatism terms) yields the same average residual Strehl ratio (0.075) as an equivalent correction of the first three principal components. Both descriptions for an uncorrected eye also produce identical average residual Strehl ratios of 0.01. Figure 9 illustrates the similar effects of using principal components or Zernike modes to describe the eye's wave aberration. When correcting a fixed number of modes in the eye, this figure compares the percentage of subjects who could achieve a Strehl ratio greater than 0.1, 0.3, or 0.8 with principal components or Zernike modes. The results obtained from the separate analyses of the left and right eyes were averaged in order to produce each of the six curves shown in the figure. Again, we see that it is slightly more efficient to express the wave aberration using principal components. 73% of normal subjects could achieve a Strehl ratio greater than 0.1 by correcting six principal components, whereas only 55% would achieve this value when correcting six Zernike modes.
The results for the two curves with subjects having Strehl ratios larger than 0.3 are nearly identical, with the largest discrepancies occurring when 11 or 12 modes are corrected. Correcting 16 principal components or 17 Zernike modes allows over 91% of the subjects to obtain a Strehl ratio greater than 0.8. This last observation is to be expected, since our wave-aberration measurements only included 18 Zernike modes. Therefore correcting all 18 modes would yield a perfect Strehl ratio of 1 for every subject.
DISCUSSION
As shown in Table 1 , we were able to track the correlation in aberration structure between left and right eyes for the same observer. In agreement with previous reports, there is a tremendous variability in the eye's aberrations from person to person. 1, 7, 14 However, within an individual observer, there are several aberrations that are significantly correlated across both eyes other than conventional defocus and astigmatism. As earlier suggested by Liang and Williams, 1 we find that there is a systematic structure in the eye, with 75% of the measured Zernike modes in the left eye being significantly correlated with their counterparts in the right. This mirror symmetry in the wave aberration between left and right eyes was illustrated in Fig. 4 .
This tendency for the eye's aberrations to be symmetric between left and right eyes could be explained by genetic and anatomical factors. Just as the shape of one side of the human body generally mimics the other (with some subtle variations), the aberrations in the left eye are generally mirror symmetric with those in the right with some small differences. Wyatt found that the shape of the eye's pupil tended to be mirror symmetric between left and right eyes of the same observer. 23 The fact that facial features present on each half of the same face generally possess the same structure could influence this tendency toward symmetry. It is also interesting to note that Rynders et al. found a significant positive correlation in the vertical shift of the pupil location from the visual axis between left and right eyes of the same individual but not in the horizontal meridian for their population. 24 Thus one would expect a strong correlation between aberrations in both eyes, such as vertical coma, that are induced by a vertical displacement of the pupil, but not for horizontal coma. As illustrated in Table 1 , we found that both horizontal coma and vertical coma were significantly correlated between left and right eyes for our population. Therefore the amount of coma observed in the wave aberrations of our subjects is not simply caused by a decentration of the eye's pupil.
Even though several aberrations are correlated across eyes, there appears to be a random variation in the eye's aberrations from subject to subject, since most Zernike modes are uncorrelated with each other across the population. These correlation results between Zernike modes across the population were already illustrated in Fig. 5 , as the first few principal components were significantly correlated with only one or two lower-order Zernike modes. We see that the aberrations inherent in the eye's optics across subjects are analogous to the variation dis- played when we look at different sets of fingerprints. Just as the eye's optics are generally mirror symmetric in the left and right eyes of the same person (Fig. 4) , fingerprints on the left hand are often very similar with those on the right hand within the same individual. 25 However, the spatial arrangement and patterns of finger ridges can vary dramatically from person to person. 26 It would be valuable to also investigate anatomical mechanisms that could be responsible for the lack of significant correlation between aberrations we observe across the population. In particular, there was no significant correlation between defocus and astigmatism or defocus and spherical aberration. A strong correlation between defocus and spherical aberration might not be expected, since these two aberrations result from different anatomical factors. The amount of defocus an individual possesses is highly dependent on the axial length of the eye, 27 whereas the amount of spherical aberration inherent in an individual's wave aberration strongly depends on the patient's corneal curvature and the shape of the crystalline lens. 28, 29 Therefore a change in the subject's value of defocus would suggest a change in the axial length of the eye and not necessarily in the corneal or lens shape or spherical aberration value. This, in fact, is what we observed for our subject pool, as we found that defocus and spherical aberration were not significantly correlated across the population.
Some other anatomical mechanisms that might produce correlations in aberration structure could be a decentration of the pupil or the misalignment of different optical surfaces (cornea, pupil, and lens) in the eye. These elementary mechanisms, however, would likely produce some correlated aberrations across the population. A simple case in which one would expect the presence of a strong correlation between two Zernike modes might occur for a displacement of the eye's pupil across the population. A decentration of the pupil would typically produce, among other aberrations, significant amounts of coma and secondary coma. These two aberrations would be strongly correlated across the population and would therefore be expressed as a single basis function in a principal components analysis. We did not find a significant correlation between coma and secondary coma in our population, though, and believe that this anatomical mechanism cannot explain some of the variability exhibited in aberration structure in our population. In general, it seems that a more sophisticated mechanism must be responsible for producing individual aberrations such as coma and secondary coma in the eye's wave aberration. In addition, several anatomical mechanisms could all be responsible for generating the entire structure of the wave aberration in most eyes, with different mechanisms acting as the dominant sources of aberrations in different groups of eyes.
One of the main reasons for performing a linear (or principal components) analysis on the population data was to find the most robust set of basis functions that would completely and adequately describe the wave aberration of the human eye across the population. The resulting principal components retain as much of the variance of the original Zernike modes as possible and can also serve to extract strong correlations between Zernike modes. It is possible that a different type of analysis, such as a nonlinear analysis, could reveal correlations between Zernike modes that were not captured using a linear principal components description. For example, if a quadratic correlation existed between the Zernike defocus and astigmatism modes, principal-components analysis would fail to adequately capture this correlation, since it is a linear technique. A nonlinear analysis, on the other hand, could best describe this pattern in aberration structure. Nevertheless, we believe that we would have found at least some small correlation between Zernike modes using a principal components analysis if this were the Fig. 8 . The mean residual Strehl ratio (based on Fig. 7) for all normal subjects when correcting a fixed number of principal components (solid curve) or Zernike modes (dashed curve) across a 5.7-mm pupil. Principal components are slightly more efficient and yield slightly better image quality than Zernike modes. Correcting one fewer or the same number of Zernike modes as principal components can provide the same average image quality in the eye. case, with the correlated Zernike modes being incorporated into individual principal components. Our results show that there is almost no correlation between Zernike modes when we look across the population.
Our principal components analysis was performed on 109 normal subjects whose refractive errors were different and widely distributed over a broad range. Principal components analysis extracts strong correlations between Zernike modes across this population but does not preclude the fact that some individuals in the population could have similar clusters of aberrations that are weakly and structurally correlated. If a particular spatial pattern in the wave aberration existed within different refractive groups, performing this analysis across all refractive groups could have masked any special structure inherent in these groups. For example, if defocus was positively correlated with certain higher-order aberrations in myopic eyes, but was negatively correlated with these same aberrations in hyperopic eyes, a principal components analysis would find almost no correlation between defocus and the higher-order aberrations. The positive and negative correlations would tend to cancel each other with this analysis, resulting in the detection of no correlations between these aberrations. This is due to the fact that principal components analysis examines correlations across the entire population of eyes.
Therefore, to help explore the possibility that some small group of individuals within the population had a similar pattern of aberrations, we examined the degree of correlation between Zernike modes within three different refractive groups: myopic subjects with a spherical refraction between Ϫ12 D and Ϫ1 D, emmetropic subjects having a spherical refraction between Ϫ1 D and ϩ1 D, and hyperopic subjects with a spherical refraction from ϩ1 D to ϩ6 D. We found no difference in the number of significant correlations between Zernike modes when comparing these three groups with the entire population. We also found no correlation between the rms value of the eye's higher-order aberrations and each subject's refraction, implying that there is no link between myopia and higher-order aberrations across our population. This analysis, however, does not eliminate the possibility that there may be clusters of individuals who have similar combinations of correlated aberrations other than defocus and higher-order aberrations.
Finally, as seen from Fig. 8 , removing defocus and astigmatism (modes 1 through 3) from each subject's wave aberration would not have significantly altered the principal components analysis, since the same mean residual Strehl ratios were obtained when correcting the first three principal components or Zernike modes. A large separation between the two curves shown in this figure for modes 4 through 18 would have indicated that principal components were much more efficient than Zernike modes, implying the presence of correlations between individual Zernike terms. However, due to the similarity between these two curves, we again conclude that Zernike modes are relatively uncorrelated with other modes in the population. For this reason, principal components provide only a slightly more efficient description of our population data than Zernike modes. In addition to their desirable mathematical properties, Zernike polynomials are efficient basis functions for describing the wave aberration of the eye.
